Background. Escherichia coli is a highly clonal pathogen. Extraintestinal isolates belong to a limited number of genetically related groups, which often exhibit characteristic antimicrobial resistance profiles.
The current standard for clonal typing is multilocus sequence typing (MLST) [7] , which involves sequencing of approximately 7 housekeeping genes and splitting E coli into sequence types (STs). However, MLST is laborious and time consuming, and thus it is not well suited for clinical or epidemiological applications. We have recently introduced a method for predicting clonal types and associated resistance profiles based on sequencing of only 2 genes: fumC and fimH (ie, CH typing). This scheme was shown to subdivide E coli into a large number of clonal groups or combinations thereof (clonotypes), and it was effective both in predicting and subdividing specific ExPEC STs [3, 8] . We have successfully used CH typing as a proof-of-principle for the use of clonotyping to predict antibiotic resistance among clinical isolates. However, the fumC/fimH clonotyping scheme still involves DNA sequencing, limiting its broader application.
In this study, we report a novel method for ExPEC clonotyping that incorporates polymerase chain reaction (PCR) or quantitative PCR (qPCR)-based determination of the presence or absence of just 7 single nucleotide polymorphisms (SNPs) within fumC and fimH. We demonstrate that alternative binary combinations of the 7 SNPs splits ExPEC clinical isolates into several dozen clonal types that exhibit distinct antibiotic susceptibility profiles. We show that the 7-SNP typing test can rapidly identify clonal types of E coli directly from urine specimens, demonstrating the potential to predict antibiotic resistance using a clonal diagnostics approach in the point-of-care setting.
MATERIALS AND METHODS

Bacterial Isolates
The reference set consisted of 2559 random single-patient clinical E coli isolates of primarily extraintestinal origin, recovered between October 2010 and June 2013 at 8 clinical microbiology laboratories. The source laboratories serve distinct patient populations in Seattle, Washington (Group Health Cooperative, King County Harborview Medical Center, Seattle Children's Hospital, University of Washington Medical Center), Minneapolis, Minnesota (Veterans Affairs Medical Center), Muenster, Germany (University Hospital), Moscow, Russia (Gemotest Center), and Wrocław, Poland (Medical University of Wrocław). The major source of isolates was urine (67.1%), followed by feces (6.8%) and blood (4.6%), with the remaining isolates originating from wounds, the abdomen, and other extraintestinal compartments. Non-E coli species of Enterobacteriaceae were isolated in our laboratory during routine urine and fecal screening and characterized by standard microbiological techniques and 16S sequencing.
Clonal Typing of Escherichia coli Isolates Using Multilocus Sequence Typing and fumC and fimH Typing
Conventional MLST was performed either in full using the standard MLST scheme of 7 loci (adk, fumC, gyrB, icd, mdh, purA, and recA) [4] or as a combination of partial MLST and fumC/ fimH typing, as described previously [3] . For simplicity of presentation, some ST complexes, as identified by the eBURST version 3 software, were defined operationally as a single ST and were designated based on the ST identified as the cluster's founder (see Supplementary Table 3 ) [9] . Such complexes accounted collectively for 17.5% of isolates, with most comprised of minor groups.
Development of a 7-Single Nucleotide Polymorphism-Based Method of Escherichia coli Typing fumC and fimH were selected as the gene targets for development of the SNP-based E coli clonotyping method because of the previously demonstrated power of fumC/fimH clonotyping to predict ST-based clonal groups and to subdivide them into smaller subclones [3] . To guide SNP selection, a proprietary algorithm developed by ID Genomics, Inc. (Seattle, WA) was used to select 7 SNPs that included 3 SNPs from fumC ( positions 63, 248, and 380) and 4 from fimH ( positions 108, 162, 233, and 483). The 7-SNP format allowed the PCR test to be performed using an 8-tube/8-well configuration, with the 8-hour tube or well used for a control.
To record SNP presence or absence, we used a numerical key algorithm, as in other binary coding systems [10] . For this, the 7 SNPs were split into 3 groups. The first group included 3 SNPs ( fumC-63, fumC-248, fumC-380), the second group another 3 SNPs ( fimH-108, fimH-162, fimH-233), and the third group the remaining SNP ( fimH-483). Presence of the first SNP within a group was scored as 1, presence of the second SNP was scored as 2, and presence of the third SNP was scored as 4, whereas SNP absence was scored as 0. Each isolate was assigned a score based on the sum of the scores for each SNP group (Supplementary Table 1 ). For example, the 101-011-1 binary combination (where "1" and "0" is SNP presence and absence, respectively) was recorded as "561", 010-111-0 as "270", etc. We designated this typing method as the "7-SNP typing test" and the corresponding clonotypes as "septa-types".
Typing of Escherichia coli Isolates Using the 7-Single Nucleotide Polymorphism Typing Test
For the 7-SNP typing test, 7 primer pairs were designed and optimized to detect the SNPs, with uidA locus-specific primers added as an E coli positive control (Supplementary Table 2 ). The performance of the primers was tested using 582 isolates that contained, collectively, all variant fumC and fimH alleles identified in our reference set of 2559 E coli that had any polymorphisms in the primer-binding region (Supplementary Table 2 ).
Testing was done in 3 different formats: singleplex or multiplex conventional PCR, or singleplex qPCR. Singleplex 7-SNP typing consisted of 8 independent reactions using the abovedescribed primers. Multiplex 7-SNP typing used some of the primer pairs combined into 3 total reactions, as shown in Supplementary Table 2 . The first triplex reaction contained 3 SNPspecific forward primers ( fumC-63, fumC-248, and fimH-483) and 2 common reverse primers (1 each for fumC and fimH). The second triplex reaction contained the uidA primers, 2 SNP-specific forward primers ( fimH-108 and fimH-162), and a common reverse primer for fimH. The duplex reaction contained the same 2 primer pairs as used in singleplex PCR (for fumC-380 and fimH-233).
Of the 582 isolates representing the range of fumC/fimH allele diversity that were used to test primer performance, 310 underwent full 7-SNP typing test (including the uidA control), which was done using a single format for 180 isolates, 2 formats for 121 isolates, and all 3 formats for 24 isolates. The remaining 272 test isolates were screened using primers for individual SNPs. If the 7-SNP test failed to detect the correct septatype of a particular fimH or fumC allele, the test was repeated to confirm or refute this failure.
Test reactions used JumpStart PCR master mix (Sigma) and the following conditions: 2 minutes initial denaturation at 95°C, followed by 27 cycles of 15 seconds at 95°C, 15 seconds at 57°C, and 30 seconds at 72°C. Amplification products were analyzed by 2% agarose gel electrophoresis. The qPCR 7-SNP typing test was performed by real-time quantitative PCR on a Rotor-Gene Q MDx instrument (QIAGEN) using the SYBR-Green PCR Kit (QIAGEN). Unless stated otherwise, the qPCR reaction conditions were as follows: 3 minutes at 95°C, followed by 30 cycles of 5 seconds at 95°C, 10 seconds at 57°C, and 10 seconds at 72°C, with signal acquisition at the elongation step. As in the singleplex test, the qPCR 7-SNP typing test consisted of 8 independent reactions.
7-Single Nucleotide Polymorphism Typing of Escherichia coli From Urine Samples
To validate the performance of the 7-SNP typing test, 160 random urine samples were obtained from the clinical microbiology laboratory at the Harborview Medical Center (Seattle, WA). Each sample was processed as follows: 1 mL urine was added to 50 µL of a 20% suspension of Chelex (Bio-Rad) in sterile water and centrifuged 1 minutes at 12 000 rpm. The pellet with Chelex was resuspended in 100 µL sterile water, heated for 5 minutes at 96°C, and centrifuged again, with the supernatant used as template for the qPCR-based 7-SNP typing test. The load of E coli in urine was determined from the uidA threshold cycle based on a standard calibration curve. (Sterile urine samples yielded no uidA signal.) In parallel, 10 µL urine were plated on McConkey agar to detect the growth of E coli. Cultured E coli isolates underwent clonotyping as a control.
Antibacterial Susceptibility
Susceptibility to 7 antibiotics was determined using a standardized disk diffusion method according to Clinical and Laboratory Standards Institute guidelines [11] .
Statistical Analysis
Simpson's diversity index was calculated using the formula:
, where n is the number of E coli isolates in a particular clonotype, and N is the total number of isolates. Comparisons of proportions were tested using a 2-tailed Fisher's exact test. Bacterial loads detected in urine by the 7-SNP typing test versus culture were compared using the 2-sided paired t test.
RESULTS
7-Single Nucleotide Polymorphism Typing Provides High Resolution of Escherichia coli Clonotypes
The 7-SNP typing test was evaluated by computer-based analysis using the fumC and fimH nucleotide sequences of 2559 recent extraintestinal isolates from 8 clinical microbiology laboratories in the United States, Germany, Poland, and Russia. According to the analysis, the 2559 isolates were divided among 54 unique binary septatypes ( Figure 1A) . Six "major" septatypes included more than 5% of isolates and comprised 47% of all isolates. Twenty-three "intermediate" septatypes included 0.5%-5% of isolates each and together comprised 50% of the isolates. The remaining 25 septatypes were "minor", each including <0.5% of isolates. The overall diversity of major and intermediate septatypes was similar to that of MLST ( Figure 1B) , which identified 6 major and 19 intermediate STs of the same size as defined by 7-SNP typing. Although there were nearly 3 times as many STs as septatypes (175 vs 54), this was due entirely to the greater number of minor STs (150 in total) that together comprised only 13% of the isolates. This parity of two typing schemes is reflected in comparable Simpson's diversity index values for 7-SNP typing and MLST (0.949 and 0.934, respectively).
Overall, in 27 septatypes (4 major, 10 intermediate, 15 minor) >90% of isolates (97.2% on average) belonged to a single Table 3 ). Such clonally homogeneous septatypes accounted for 54.1% of all isolates. Overall, 17 STs could be predicted by the homogeneous septatypes, including multidrug-resistant ST131, ST69, and ST38, and relatively susceptible ST95, ST73, ST14, ST12, ST569, and ST117. Moreover, several major STs, such as ST131, ST95, and ST73, were split by 7-SNP typing into smaller sub-ST clonal groups. For example, ST131 was split into its fimH-based H30, H41, and H22 subclones [12] , ST95 into its H41, H15, and H30 subclones, and ST73 into its H9, H10, and H30 subclones [13] .
ST (Supplementary
The remaining 27 septatypes were clonally heterogeneous, ie, <90% of each septatype were of the same ST. Such major STs as drug-resistant ST58, ST88, ST354, ST648, and susceptible ST127, ST141, ST10, ST1876, were either distributed among different septatypes or could not be identified with high confidence.
Thus, binary combinations of 7 SNPs selected from 2 highly variable genes, fimH and fumC, can genotype E coli isolates with high resolution by splitting them into a large number of clonotypes. In most isolates, 7-SNP typing accurately predicted the ST of origin and, often, also the sub-ST.
7-Single Nucleotide Polymorphism Typing Sorts Isolates Into Groups With Distinctive Antibacterial Susceptibility Profiles
In the total E coli study population, the prevalence of resistance to 6 antibiotics commonly used for empirical treatment of UTI was as follows: amoxicillin/clavulanate and trimethoprim/ sulfamethoxazole, 28% each; cefazolin, 23%; ciprofloxacin, 21%; nitrofurantoin, 11%; and ceftriaxone, 9%. We compared resistance prevalence in the total population to that within individual septatypes.
For each major and intermediate septatype, the prevalence of resistance to at least 1 antibiotic was significantly lower ("susceptible" septatype) or higher ("resistant" septatype) than in the total population (Figure 2 ). More importantly, 7-SNP typing split several prominent multidrug-resistant STs into smaller clonal groups with distinct antimicrobial resistance profiles in comparison with the total population and the corresponding ST (Table 1) . For example, ST131, the predominant multidrug-resistant E coli clonal group, was split into 3 septatypes. Septatype 561 (corresponding to the ST131-H30 subclone) had a high prevalence of ciprofloxacin resistance (90.6%), whereas septatypes 560 (ST131-H41) and 510 (ST131-H22) Figure 2 . Clonotype-specific antibacterial resistance profile. The reference set of 2599 Escherichia coli isolates was split into septatypes by computer sequence analysis. The prevalence of resistance within individual nonminor septatypes (>0.5% of isolates each) to amoxicillin/clavulanate (A/C), trimethoprim/sulfamethoxazole (T/S), cefazolin (CZ), ciptofloxacin (CIP), nitrofurantoin (NIT), and ceftriaxone (CTR) is plotted as vertical columns. Columns are color coded to indicate whether, compared with the total population, the prevalence of resistance in this clonotype is significantly (P < .05) higher (red) or lower (green) or is not significantly different (gray). The graph inserted to the lower right of the main graph shows the number of isolates in individual septatypes.
were almost entirely susceptible. In contrast, both 561 and 560, but to a much lesser extent 510, had a high prevalence of trimethoprim/sulfamethoxazole resistance. In ST69 (aka clonal group A), notorious for trimethoprim/sulfamethoxazole resistance, the 7-SNP test resolved septatype 351 (typically ciprofloxacin-resistant) and septatype 261 (typically pansusceptible, including to trimethoprim/sulfamethoxazole. The 7-SNP test yielded similar resistance-informative splits within ST58.
Overall, the by-antibiotic proportion of isolates belonging to a resistant or susceptible septatype was greatest for ciprofloxacin, for which 92% of isolates belonged to either resistant (34%) or susceptible (59%) septatypes (Figure 3) , with the average resistance prevalence in the former and latter groups being 51% vs 4.4%, respectively. For other antibiotics, such differences were not as pronounced, but for all antibiotics except nitrofurantoin, most isolates were in septatypes with a resistance profile distinct from the population average. It is notable that for all antibiotics except amoxicillin/clavulanate, the average resistance prevalence within susceptible septatypes was <10%.
Overall, 7-SNP typing performed well in subdividing E coli clinical isolates into clonotypes with distinctive resistance profiles. Thus, it has the potential to provide much greater accuracy than a species-wide antibiogram in predicting the susceptibility of individual isolates.
Experimental Validation of the 7-Single Nucleotide Polymorphism Typing Test
We designed 7 pairs of SNP-specific primers and a pair of uidAspecific primers ( for detection of E coli) (Supplementary  Table 2 ) that, in conventional or qPCR, yielded the predicted band sizes (Supplementary Figure 1A and 1C) or signal (Supplementary Figure 1B) , respectively, against the target DNA. We evaluated the ability of the SNP primers to recognize the corresponding SNPs in the background of 582 isolates with 60 fumC alleles and 156 fimH alleles that encompassed all naturally occurring combinations of base pairs that are variable within the primer-annealing regions (see Material and Methods). The presence or absence of the targeted SNP could not be correctly identified by PCR in only a few of the variable fumC or fimH alleles, and these error-causing alleles were very rare in the reference set of 2559 isolates ( projected at 2.1%).
To confirm the specificity of designed primers towards E coli, we tested them using isolates of various Enterobacteriaceae species, including (number of isolates) Klebsiella pneumoniae [10] , Klebsiella oxytoca [4] ,Citrobacter freundii [5] and Citrobacter koserii [2] , Enterobacter aerogenes [12] , Proteus mirabilis [6] , Pseudomonas aeruginosa [3] , Serratia marsenscens [3] , and Morhanella morganii [5] . Both the SNP-specific reactions and the uidA control produced negative results in all non-E coli isolates, with the exception of 1 isolate designated by 16S typing as E aerogenes. Thus, the newly designed SNP-specific primers demonstrate a robust ability to distinguish the targeted SNPs despite some background sequence variation in the primer-annealing regions.
The 7-Single Nucleotide Polymorphism Typing Test Can Identify Escherichia coli Clonotypes Directly From Urine Specimens
In addition to the validation using pure bacterial cultures, the qPCR-based 7-SNP typing test was performed on bacterial DNA obtained from 160 clinical urine samples, of which 77 Figure 2 , namely, 7-SNP typing was used to split the set into individual clonotypes, for which the prevalence of resistance to 6 antibiotics was calculated. Each bar represents the total reference set analyzed by 7-SNP typing. Each bar is split into 3 zones, for isolates belonging to clonotypes for which the resistance prevalence to a given antibiotic is significantly below (green), significantly above (red), or indistinguishable from (gray) the overall population average. Percentage values within a colored zone denote the resistance prevalence within that subset. Antibiotics are listed to right of the graph, with their overall resistance prevalence (Abbreviations: A/C, amoxicillin/clavulanate; T/S, trimethoprim/sulfamethoxazole; CZ, cefazolin; CIP, ciprofloxacin; NIT, nitrofurantoin; CTR, ceftriaxone).
were culture positive and 83 culture negative for E coli. With the 83 E coli culture-negative samples, the 7-SNP test was positive in 2 (98% specificity). With the 77 E coli culture-positive urines, the 7-SNP typing test was positive in 74 (96% sensitivity), and the identified clonotypes matched the cultured isolate for all but 1 sample. Furthermore, in all 49 samples with ≥10 4 colonyforming units (cfu)/mL E coli, the 7-SNP test was positive and detected the same clonotype as was isolated from culture. Overall, the bacterial load determined by culture correlated closely with that predicted by the qPCR test based on the E coli-specific uidA probe (Figure 4 ). In all 3 qPCR-negative but culture-positive urine samples, the bacterial load was low, ie, 10 2 cfu/mL (2 samples) or 10 3 cfu/mL (1 sample). Overall, multiple E coli strains were encountered in <1% of specimens. Thus, the 7-SNP typing test can detect E coli in urine samples and can reliably identify the corresponding clonotype, performing essentially as well quantitatively as the standard culture method.
DISCUSSION
Antimicrobial resistance is one of the most challenging problems in medicine today. Preculture, in-specimen identification of E coli to the clonal group level could significantly improve empirical antibiotic selection [3] . For almost 2 decades, MLST has been the preferred method for determining the clonality of bacterial species using portable and easy-to-standardize sequence analysis [7] . However, MLST still requires sequencing 7 different housekeeping genes, making it relatively slow, costly, and labor intensive [14] . We previously showed that clonal typing of E coli can be done effectively and efficiently by sequencing just 2 genes, fumC and fimH [3] . fumC is part of the MLST scheme and is mostly under neutral selection. fimH encodes the type 1 fimbrial adhesin, which is present in >95% of all E coli and undergoes diversifying selection for amino acid changes [3, 8] . The benefits of CH typing include the strong association of the resulting clonotypes with divergent antimicrobial susceptibility profiles, which recommends CH typing as a more rational basis for empirical antimicrobial therapy selection than whole-species antibiotic susceptibility patterns. However, because CH typing involves sequencing, and even the fastest pyrosequencing-based method requires at least 5 hours [3] , CH typing is unlikely to be able to guide initial antimicrobial selection in the clinical setting.
The obvious approach for a fast, cost-effective, high-throughput typing method is detection of either specific gene regions or SNPs using DNA amplification. Multiplex tests were developed to determine E coli phylogroups or STs based on amplification of specific genes [15, 16] or combinations of SNPs [17, 18] . Because CH typing provides greater diversity of E coli clones and allows improved prediction of antibacterial susceptibility over MLST, we concentrated our search for clonotype-specific combinations of 7 SNPs selected from fumC and fimH.
By analysis of the fumC and fimH alleles present in 2559 isolates, we identified a combination of 7 SNPs that, based on computer analysis, separates the isolates into 54 clonotypes. Because extraintestinal E coli, like most pathogens, are highly clonal in nature, the vast majority of strains belonged to a rather limited number of relatively large clonal groups. A high prevalence of relatively few dominant clonal groups in E coli was shown by using MLST. However, due in part to the ability of 7-SNP typing to subdivide some of the largest STs into smaller groups, 7-SNP typing split the collection more evenly than did MLST. Moreover, this splitting of some STs was significant from a clinical diagnostics perspective. In particular, the largest ST, ST131, was split into 3 septatypes: 561, 560, and 510. Septatype 561 corresponded to the ST131-H30 subclone, which is almost exclusively responsible for the signature fluoroquinolone resistance of ST131 isolates and their CTX-M-15-mediated extendedspectrum β-lactamase ESBL phenotype. Another large ST, ST73, was split into septatype 620, corresponding to a highvirulence clonal group that includes model urosepsis isolate CFT073 [19] , and septatype 661, corresponding to a clonal group that includes probiotic strain Nissle 1917 [20] .
The most significant advantage of the 7-SNP typing test over typing methods requiring nucleotide sequence determination is its rapidity. Single nucleotide polymorphism-specific PCR primers recognize SNP presence or absence with a high degree of accuracy, using either conventional or real-time PCR, in a single-or multiplex configuration. The qPCR 7-SNP typing test with uidA control primers can identify E coli within 20-25 minutes and is able to clearly distinguish E coli from other members of family Enterobacteriaceae. Finally, we have demonstrated the power of the 7-SNP qPCR typing test for detection and clonotype determination of E coli directly from urine specimens. The entire procedure is technically simple and takes less than 1 hour to perform, and urine containing clinically significant numbers of E coli can be clonotyped within 30-40 minutes from the time of specimen collection. Test results correlate well with the results of standard culture, and the clonal type identified in urine match that of the cultured E coli isolate in 98% of samples overall, and in 100% of samples with clinically significant numbers of E coli. Rare instances of mismatch between clonotypes detected in the specimen versus from cultured E coli involved specimens containing low (≥10 3 cfu/mL) organism burdens, which approaches the 10 2 cfu/mL detection limit of both methods.
The 7-SNP test offers the potential to determine the presence of uropathogenic E coli septatypes prior to the availability of culture results and, thereby, to guide empirical antibiotic selection. In many locales, the prevalence of resistance to traditional mainstay antibiotics such as trimethoprim/sulfamethoxazole, amoxicillin/clavulanate, first-generation cephalosporins, and ciprofloxacin exceeds the Infectious Diseases Society of America-recommended 20% threshold for empirical use in treating uncomplicated cystitis in women [21] . In contrast, for the susceptible septatypes, the prevalence of resistance to each of these agents was well below this 20% cutoff. Thus, empirical antibiotic selection would be more rational if based on septatype rather than suspected species identity and species-based cumulative antibiograms.
CONCLUSIONS
In conclusion, the novel 7-SNP typing test described here should be a useful tool for both epidemiological analysis and clinical diagnostics, particularly for the prediction of antimicrobial susceptibility. It is highly reliable, inexpensive, easy to perform, robust, and can potentially be adapted for highthroughput automation. The test can be run in multiple instrumentation formats and performed on DNA obtained either from cultured bacteria or directly in clinical specimens.
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